The mammalian sex chromosomes have undergone profound changes during their evolution from an ancestral pair of autosomes [1] [2] [3] [4] . Specifically, the X chromosome has acquired a paradoxical sexbiased function by redistributing gene contents [5, 6] and has generated a disproportionately high number of retrogenes that are located on autosomes and exhibit male-biased expression patterns [6] . Several selection-based models have been proposed to explain this phenomenon, including a model of sexual antagonism driving X inactivation (SAXI) [6] [7] [8] and a compensatory mechanism based on meiotic sex chromosome inactivation (MSCI) [6, [8] [9] [10] [11] . However, experimental evidence correlating the function of X-chromosome-derived autosomal retrogenes with evolutionary forces remains limited [12] [13] [14] [15] [16] [17] . Here, we show that the deficiency of Rpl10l, a murine autosomal retrogene of Rpl10 with testis-specific expression, disturbs ribosome biogenesis in late-prophase spermatocytes and prohibits the transition from prophase into metaphase of the first meiotic division, resulting in male infertility. Rpl10l expression compensates for the lack of Rpl10, which exhibits a broad expression pattern but is subject to MSCI during spermatogenesis. Importantly, ectopic expression of RPL10L prevents the death of cultured RPL10-deficient somatic cells, and Rpl10l-promoter-driven transgenic expression of Rpl10 in spermatocytes restores spermatogenesis and fertility in Rpl10l-deficient mice. Our results demonstrate that Rpl10l plays an essential role during the meiotic stage of spermatogenesis by compensating for MSCI-mediated transcriptional silencing of Rpl10. These data provide direct evidence for the compensatory hypothesis and add novel insight into the evolution of X-chromosome-derived autosomal retrogenes and their role in male fertility.
In Brief
Jiang et al. show that RPL10L is required for the transition from prophase to metaphase in male meiosis I by compensating for RPL10 inactivation resulting from MSCI. The authors provide direct evidence for an X-to-autosome retrogene compensatory hypothesis and novel insight into the functions of these retrogenes in spermatogenesis.
SUMMARY
The mammalian sex chromosomes have undergone profound changes during their evolution from an ancestral pair of autosomes [1] [2] [3] [4] . Specifically, the X chromosome has acquired a paradoxical sexbiased function by redistributing gene contents [5, 6] and has generated a disproportionately high number of retrogenes that are located on autosomes and exhibit male-biased expression patterns [6] . Several selection-based models have been proposed to explain this phenomenon, including a model of sexual antagonism driving X inactivation (SAXI) [6] [7] [8] and a compensatory mechanism based on meiotic sex chromosome inactivation (MSCI) [6, [8] [9] [10] [11] . However, experimental evidence correlating the function of X-chromosome-derived autosomal retrogenes with evolutionary forces remains limited [12] [13] [14] [15] [16] [17] . Here, we show that the deficiency of Rpl10l, a murine autosomal retrogene of Rpl10 with testis-specific expression, disturbs ribosome biogenesis in late-prophase spermatocytes and prohibits the transition from prophase into metaphase of the first meiotic division, resulting in male infertility. Rpl10l expression compensates for the lack of Rpl10, which exhibits a broad expression pattern but is subject to MSCI during spermatogenesis. Importantly, ectopic expression of RPL10L prevents the death of cultured RPL10-deficient somatic cells, and Rpl10l-promoter-driven transgenic expression of Rpl10 in spermatocytes restores spermatogenesis and fertility in Rpl10l-deficient mice. Our results demonstrate that Rpl10l plays an essential role during the meiotic stage of spermatogenesis by compensating for MSCI-mediated transcriptional silencing of Rpl10. These data provide direct evidence for the compensatory hypothesis and add novel insight into the evolution of X-chromosome-derived autosomal retrogenes and their role in male fertility.
RESULTS AND DISCUSSION

Rpl10l-Deficient Mice Exhibit Spermatogenic Failure and Male Infertility
The X chromosome evolved dramatically after the divergence of eutherian and metatherian mammals, with two major bursts of gene origination events that resulted in a substantial increase in its contribution to the genome [5] . Concomitantly, a disproportionally high number of retrogenes moved from the X chromosome to the autosomes in the eutherian and metatherian lineages [6, 10] . The observation that these autosomal retrogenes exhibit largely male-biased expression patterns suggests that evolutionary selection forces contributed to this nonrandom gene traffic [5] [6] [7] [8] [9] [10] [11] . To date, the function of only a small number of X-to-autosome retrogenes has been investigated [12] [13] [14] [15] [16] [17] , and insight into the forces that drive directional gene movement during mammalian evolution remains limited.
RPL10L is a testis-specific retrogene originating from RPL10, an ancient X-linked ribosomal protein-encoding gene, shortly after the divergence of eutherian and metatherian lineages [5, 18] . In order to further understand the functional association between X-derived retrogenes and its parental paralogs, we selected the RPL10L and RPL10 as a model to investigate their gene expression patterns and functional roles, respectively. Consistent with previous reports [5, 18] , we confirmed that RPL10L expression is restricted to the testis in mouse and human (Figures 1A and 1B; Figure S1A ) and that orthologs of RPL10L exist only in eutherians ( Figure 1C ; Table S1 ).
To understand the function of Rpl10l during spermatogenesis, we generated Rpl10l-deficient mice using CRISPR/Cas9 technology and obtained two mutant strains deleting 70 bp and 59 bp from the sequence of Rpl10l gene, respectively (Figures S1B-S1D 
Rpl10l
+/À testis tissue, whereas no spermatids and sperm were detectable in Rpl10l À/À testis ( Figure 1G ), indicating that spermatogenesis did not proceed beyond meiosis in the absence of Rpl10l. Immunostaining for PNA, an acrosomal marker identifying spermatid and sperm [21] , confirmed the absence of postmeiotic germ cells in Rpl10l
To determine which step of meiosis was disrupted in Rpl10l
mice, we investigated the progression of meiotic prophase I using the spermatocyte micro-spreading method [22] . The percentage of Rpl10l À/À spermatocytes in each successive stage (leptotene, zygotene, pachytene, and diplotene) was comparable to those of Rpl10l +/À spermatocytes ( Figures 2B and 2C ),
indicating that the progression of prophase I was not affected following the deletion of Rpl10l. We next examined the progression from prophase to metaphase of meiosis I using the meiotic delay assay [23] . Testes from adult Rpl10l À/À males contained significantly fewer spermatocytes in the first meiotic metaphase (MMI) than testes from Rpl10l +/À littermates ( Figure 2D ), indicating that spermatogenesis was arrested at the transition from prophase I to metaphase I. This finding was confirmed by histological analysis of the first wave of spermatogenesis. Periodic acid-Schiff (PAS) staining of testicular sections revealed no obvious differences between Rpl10l À/À and Rpl10l +/À testes at 15 days post-partum (dpp) ( Figure S2A ). In seminiferous tubules of Rpl10l +/À testes, MMI spermatocytes were observed at 21 dpp and 27 dpp, and elongated spermatids were seen at 27 dpp, whereas these cells were not present in Rpl10l À/À testes ( Figure S2A ). Instead, seminiferous tubules of Rpl10l À/À testes contained spermatocytes with highly condensed chromatin (Figure S2A) . Furthermore, TUNEL assay showed a significant increase in the number of apoptotic spermatocytes in Rpl10l
testes ( Figures S2B-S2D ). Taken together, these analyses confirm a pivotal role of RPL10L during the first meiotic division of spermatocytes. It has been reported that several X-chromosome-derived autosomal retrogenes play essential roles in spermatogenesis. Utp14b deficiency results in male infertility in adult mice due to mitotic arrest in type A spermatogonia [24, 25] . Pgk2, Cetn1, and Cstf2t are essential for late steps of spermiogenesis or sperm maturation, but their deletion does not affect meiosis [12] [13] [14] . Heterozygous deletion of Hnrnpgt leads to spermatogenic failure in mice, but the functional role of this gene remains unknown [15] . To our knowledge, Rpl10l is the first known X-chromosomederived autosomal retrogene that is required for meiotic progression during spermatogenesis. (Table   S2) . Notably, the levels of several proteins known to be necessary for the progression from prophase to metaphase of male mouse meiosis I-including NEK2, HSPA2, CCNA1, PLK1, and CKS2 [28] [29] [30] [31] [32] [33] -were decreased ( Figure S2H ; Table S2 ). These disturbances in protein levels were likely associated with spermatogenic failure and apoptosis of spermatocytes in Rpl10l À/À mice. 
Rpl10
Expression Is Subject to Meiotic Sex Chromosome Inactivation Rpl10, the ancient progenitor gene of Rpl10l, is highly conserved from yeast to human and locates on the X chromosome in vertebrates. Given that the X chromosome tends to be feminized by enriching female-biased genes and dislodging the male-biased genes due to its longer stay time in females according to the SAXI hypothesis [5] [6] [7] [8] 39 , 40], we assessed the expression pattern of Rpl10 in both sexes. RT-PCR and qPCR results revealed that Rpl10 is broadly expressed in different tissues with similar expression levels between male and female mice, except for a relatively lower expression in testis ( Figures S3A and S3B ). Considering that Rpl10 may be subject to meiotic sex chromosome inactivation (MSCI), which results in the transcriptional silencing of most protein-coding genes on the sex chromosomes from the pachytene stage until spermiogenesis [11, [41] [42] [43] [44] , we examined the expression dynamics of Rpl10 in mouse germ cell populations isolated by STA-PUT ( Figures S3C and S3D ). RT-PCR analysis showed that the expression level of Rpl10 was comparable in spermatogonia and early spermatocytes (preleptotene to zygotene) but sharply reduced in late spermatocytes (pachytene and diplotene) and round spermatids ( Figure 3A ), indicating transcriptional silencing of Rpl10 during and after MSCI. Silencing of Rpl10 may explain the relatively lower expression level detected in testis.
RPL10 Is Essential for Ribosome Biogenesis and Cell
Proliferation RPL10 is one of the last proteins to assemble into the nascent 60S subunit of ribosome and is essential for protein synthesis and population-replicative lifespan in yeast [45] [46] [47] . In human and mouse, assembly of the RPL10 protein into the 60S subunit only occurs in the cytoplasm [34, 35, 48] . To investigate the effect of RPL10 knockdown on ribosome biogenesis in mammalian cells, we analyzed polysome profiles from extracts of cultured human cells transfected with RPL10-targeted small interfering RNAs (siRNAs). Knockdown of RPL10 resulted in decreased levels of 60S ribosomal subunits, 80S ribosomes, and polysomes (Figure S3E ), indicating a disturbance of ribosome biogenesis. As expected, the levels of other ribosomal proteins were decreased in RPL10-knockdown cells ( Figure S3F ), ultimately resulting in G1 cell-cycle arrest ( Figure S3G ). To further determine the effect of RPL10 deletion in cell proliferation, we generated a cell line that lacked endogenous RPL10 and stably expressed tetracycline-inducible (Tet-On) RPL10-EGFP and performed clone formation assays. An abundance of clones survived in cultures treated with doxycycline, while no clones were observed in the non-doxycycline group ( Figures S3H and S3I ). These results, together with its expression pattern, indicate that RPL10 plays a housekeeping role in ribosome biogenesis and cell proliferation.
Rpl10l Expression Compensates for Rpl10 Silencing during Spermatogenesis
The MSCI-based compensatory hypothesis-i.e., the autosomal retrogenes with male-biased function in late spermatogenesis can compensate for the housekeeping function of their X-linked parental genes-is widely accepted as an explanation for the formation of X-chromosome-derived autosomal retrogenes [6, [8] [9] [10] [11] . According to this hypothesis, an increase in Rpl10l expression should be observed specifically during and after meiosis when Rpl10 is silenced by MSCI. To test this hypothesis, we assessed mRNA levels of Rpl10l in purified male mouse germ cells of different developmental stages by RT-PCR. Rpl10l was highly expressed in late spermatocytes (pachytene and diplotene) and round spermatids but weakly expressed in spermatogonia and early spermatocytes ( Figure 3A) , exhibiting a strikingly mutually complementary expression pattern with Rpl10 in male germ cells. This observation is consistent with a previous report that RPL10L staining was observed in spermatogenic cells located in the seminiferous lumen but not in monolayer cells attached to the basement membrane of seminiferous tubules [35] . Thus, we propose that Rpl10l compensates for Rpl10 silencing during spermatogenesis.
Ectopically Expressed RPL10L Can Substitute for RPL10 in Cultured Human Cells To substantiate that RPL10L can compensate for RPL10 function, we performed a rescue experiment in human cultured cells in which endogenous RPL10 was disrupted using the CRISPR/ Cas9 method. To this end, we co-transfected 293T cells with CRISPR/Cas9 and RPL10-targeted single-guide RNA (sgRNA) vectors, in combination with either EGFP, RPL10-EGFP, or RPL10L-EGFP expression vectors. After 12 days of puromycin and blasticidin treatment to select for cell clones retaining both Cas9 and sgRNA constructs, cell cultures transfected with RPL10-EGFP contained multiple surviving cell clones, indicating that ectopic RPL10 compensated for the endogenous gene product as expected ( Figure 3B ). Interestingly, a similar number of clones survived in cultures transfected with RPL10L-EGFP ( Figure 3B ). To confirm that the surviving cells were rescued by RPL10L-EGFP expression, we evaluated these clones for GFP fluorescence by microscopy and assessed the expression of endogenous RPL10 and ectopic expression of RPL10L-EGFP by western blotting. All surviving cells expressed RPL10L-EGFP in the cytoplasm and lacked endogenous RPL10 ( Figures  3C and 3D ;Rpl10-mCherry TG mice showed that most seminiferous tubules contained different stages of germ cells ( Figure 4D ), indicating that spermatogenesis was restored. This was confirmed by a dramatically increased number of MMI spermatocytes in Rpl10l À/À ;Rpl10-mCherry TG testis compared to Rpl10l À/À testis ( Figure 4E ).
Consistently, the fertility of Rpl10l Collectively, we have demonstrated that RPL10L plays an essential role during meiosis of spermatogenesis by compensating for its X-linked parental paralog, RPL10, during and after MSCI. First, Rpl10l is required for meiotic progression during spermatogenesis. Second, Rpl10l exhibited a strikingly mutually complementary expression pattern with Rpl10 in male germ cells. Third, RPL10L can substitute for RPL10 in cultured human cells, and vice versa-Rpl10 can complement Rpl10l in mice. Based on these results and the known evolution of RPL10L, our study substantiates the hypothesis that MSCI plays a critical role for the selective fixation of X-derived autosomal retrogenes in mammals and provides novel insight into these retrogenes' functions in male fertility.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
The care and breeding of mice and all animal experiments were conducted according to the guidelines and approved by the Institutional Animal Care Committee of the University of Science and Technology of China. The C57BL/6, DBA/2 and ICR mouse strains were purchased from Beijing Vital River Laboratory Animal Technology Co. Rpl10l mutant mice were generated using CRISPR/Cas9 genome editing as previously described [51] . To generate Rpl10l mutants, we co-injected Cas9 mRNAs and two single guide RNAs targeting exon 1 that were prepared as previously described [50] into B6D2F1 (C57BL/6 3 DBA/2) zygotes, followed by embryo transfer into pseudo pregnant ICR females. Genomic DNA was extracted from tail biopsies from founder mice using the TIANamp Genomic DNA Kit (TIANGEN DP304) and analyzed using the EasyTaq system (TransGen Biotech, AP111) and Sanger sequencing with primers Rpl10l-Check-FW and Rpl10l-Check-RV. We crossed female founders to C57BL/6 mice. Founder female #10 had deletions in both Rpl10l alleles (70 and 72 bp, respectively), and founder female #12 had a 59 bp deletion in one allele. For subsequent experiments, we used F2 generation animals that were homozygous for the 70 bp deletion (strain 1) and the 59 bp deletion (strain 2).
To generate Rpl10-mCherry transgenic mice, the pmRpl10l-mRPL10-mCherry vector was digested with ApaLI and purified using the MinElute PCR Purification Kit (QIAGEN, 28004). Linearized DNA was microinjected into B6D2F1 mouse zygotes following standard protocols [52] . Founders were genotyped by EsayTaq PCR system using two sets of primer pairs, which were Rpl10-mCherry TG (GIBCO, 15140122) , 100 U/ml penicillin and 100 mg/ml streptomycin (GIBCO, 16000044) and maintained at 5% CO2, ambient O2. 293T cells with endogenous RPL10 knockout and stable expression of Tet-On inducible RPL10-EGFP were generated by co-transfection of the following plasmids: pST1374-NLS-flag-linker-Cas9, the RPL10-targeting sgRNA expression plasmid based on the pGL3-U6-sgRNA-PGK-puromycin vector, and pTRIPZ-RPL10-EGFP. After selection in medium supplemented with 2 mg/ml puromycin, 2 mg/ml blasticidin, and 500 ng/ml doxycycline for 2 weeks, GFP-positive clones were isolated and cultured in medium containing 500 ng/ml doxycycline. Protein expression was validated by western blot analysis. Using the same method, we also generated 293T cells with endogenous RPL10 knockout and stable expression of Tet-On inducible RPL10L-EGFP. Control cell lines expressing endogenous RPL10 were produced by transfection of empty pGL3-U6-sgRNA-PGK-puromycin vector.
METHOD DETAILS Plasmids
The RPL10-EGFP expression vector driven by the human RPL10 promoter (phRPL10-RPL10-EGFP) was constructed as follows. The upstream 1.4 kb DNA fragment of the human RPL10 open reading frame was amplified using primers phRPL10-FW and phRPL10-RV. The human RPL10 coding sequence (CDS) was cloned from total RNAs extracted from 293T cells by RT-PCR with primers hRPL10-FW and hRPL10-RV. The backbone sequence was amplified from pEGFP-N1 with primers EGFP-BB-FW and EGFP-BB-RV. After purification by agarose gel electrophoresis and gel extraction, the three fragments were mixed and ligated using a ClonExpress MultiS One Step Cloning Kit (Vazyme, C113) according to the manufacturer's protocol. Vectors phRPL10-RPL10L-EGFP and phRPL10-EGFP were generated using the same approach. Because human RPL10L is intronless, the RPL10L CDS was cloned from genomic DNA extracted from 293T cells.
To obtain Tet-On inducible human RPL10 or RPL10L expression constructs, RPL10-EGFP and RPL10L-EGFP fragments were amplified from phRPL10-RPL10-EGFP and phRPL10-RPL10L-EGFP vector, respectively, and inserted into pTRIPZ vector (a kind gift from Dr. Xiaoyuan Song) using AgeI and MluI restriction sites.
The DNA construct used for Rpl10-mCherry transgenic mice was constructed using the ClonExpress MultiS One
Step Cloning Kit (Vazyme, C113) as described above. The upstream 2 kb DNA fragment of mouse Rpl10l open reading frame was amplified using primers pmRpl10l-FW and pmRpl10l-RV. Mouse Rpl10 CDS was cloned from total RNAs extracted from testis by RT-PCR with primers mRPL10-FW and mRPL10-RV. The backbone sequence was amplified from pmCherry-N1, which was modified from pEGFP-N1 with primers mCherry-BB-FW and mCherry-BB-RV. To remove the ApaLI site in mCherry, a synonymous mutation (GTA) was introduced to replace the codon (GTG) of amino acid 21 of mCherry.
The pST1374-NLS-flag-linker-Cas9 (Addgene, 44758) [49], pUC57-sgRNA (Addgene, 51132) [50] and pGL3-U6-sgRNA-PGK-puromycin (Addgene, 51133) [50] vectors were kind gifts from Prof. Xingxu Huang. To generate sgRNA expression plasmids, paired synthetic oligonucleotides were annealed and cloned into the BsaI site of pUC57-sgRNA or pGL3-U6-sgRNA-PGK-puromycin vector.
The Takara PrimeStar system (R044A) was used for PCR. All plasmids were validated by Sanger sequencing. Primers for plasmids construction and sgRNA listed in Table S4 .
Transfection and RNAi
Cells were passaged 2-3 times after thawing and should be transfected at 70%-80% confluency. Transfection of plasmid or siRNAs was performed using lipofectamine 3000 (Invitrogen). The target sequence of the human RPL10 siRNA was 5 0 -GTCATCCGCATCA ACAAGAT-3 0 .
RNA extraction, RT-PCR and qPCR
Total RNAs were extracted using TRIzol reagents (Takara, 9109) and cDNAs were synthesized from total RNAs using the PrimeScript RT reagent kit (TaKaRa, RR047A) according to the manufacturer's protocol. EasyTaq DNA Polymerase (TransGen Biotech, AP111) was used for RT-PCR. The PCR reactions were performed using the following cycle conditions: 3 min at 94 C, followed by 25$30 cycles of 30 s at 94 C, 30 s at 60 C, and 30 s at 72 C. FastStart Universal SYBR Green Master (Rox) (Roche, 04913850001) was used for quantitative real-time PCR in a StepOne Real Time PCR System (Applied Biosystems). The PCR reactions were performed using the following cycle conditions: 10 s at 95 C, followed by 40 cycles of 5 s at 95 C, and 30 s at 60 C. The gene encoding betaActin (Actb) was used as an internal control. Changes in gene expression were determined using the comparative CT method. Primers for RT-PCR and qPCR listed in Table S4 .
Ribosome purification
Ribosome purification was performed as previously described [53] . In brief, 1 3 10 7 cultured human cells or 5 3 10 6 purified late prophase spermatocytes of mice were harvested and resuspended in 300 mL buffer A (250 mM sucrose, 250 mM KCl, 5 mM MgCl 2 , and 50 mM Tris-HCl (pH 7.4)) containing 5mM PMSF and 50U RNase OUT, and lysed in 0.7% NP-40 for 15 min on ice. Nuclei and mitochondria were removed by two successive centrifugations at 750 3 g and 12000 3 g, respectively. The concentration of KCl in the supernatants was adjusted to 500 mM, and samples were deposited above a 1 M sucrose cushion containing 500 mM KCl. Ribosome pellets were obtained after ultracentrifugation at 75,000 rpm for 2 hr at 4 C in a TL100.3 ultracentrifuge (Beckman) and resuspended in 1 3 SDS sample buffer, boiled for 10 min, and analyzed by western blot.
Protein samples and western blot analysis Cells were washed with ice-cold PBS and lysed in 1 3 SDS sample buffer (100 mM Tris-HCl pH 7.4, 2% SDS, 15% glycerol, 0.1% bromophenol blue and 5 mM dithiothreitol [DTT] ). Cell lysates were denatured for 10 min and analyzed by western blot.
Protein samples were separated by SDS-PAGE and transferred to 0.45 mm pore size immobilon-P membranes (Millipore, IPVH00010) using a Tanon Polysome profiling analysis Polysome profiling analysis was performed as described previously [54] . Briefly, cultured cells were treated with 100 mg/ml cycloheximide for 5 min at 37 C in 5% CO 2 , then washed twice with 10 mL of ice-cold 1 3 PBS containing 100 mg/ml cycloheximide. The cells were scraped off gently in 5 mL of ice-cold 1 3 PBS containing 100 mg/ml cycloheximide and were collected by centrifugation at 200 3 g for 5 min at 4 C. After resuspension in 425 mL of hypotonic buffer (5 mM Tris-HCl (pH 7.5), 2.5 mM MgCl 2 , 1.5 mM KCl and 1 3 Protease inhibitor cocktails), lysates were centrifuged at 16,000 3 g for 7 min at 4 C. Supernatants were applied to a 10%-50% sucrose gradient (containing 10 mg/ml cycloheximide, 0.1 3 Protease inhibitor cocktails and 10 units/ml RNasin) and centrifuged in a SW41 rotor at 40,000 rpm for 2 hr at 4 C. Analysis and fractionation of polysome profiles was performed using a Density Gradient Fractionation Systems (Teledyne ISCO).
Flow cytometry
Cells were collected and incubated in 70% ice-cold methanol for 30 min, treated with RNase A (ThermoFisher, EN0531) and stained with propidium iodide (ThermoFisher, P1304MP), followed by analysis using a FACS Calibur flow cytometer (BD).
Separation of mouse spermatogenic cells
Spermatogenic cell populations were isolated using the STA-PUT method based on sedimentation velocity at unit gravity as previously described [26, 27] . Spermatogonia were isolated from 8 dpp mice. Preleptotene cells, leptotene and zygotene spermatocytes, and puberal pachytene spermatocytes were isolated from 18 dpp mice. Adult pachytene spermatocytes and round spermatids were isolated from adult mice (50-70 dpp).
Fertility test
Three adult males of each genotype were used for fertility test. Each male was mated with three wild-type C57BL/6 females. All the females were monitored for pregnancy. Litter dates, number of pups and sex ratios were recorded for all the resulting litters.
Histology
Testis sections were prepared as described [23] . For histological analysis, testes were fixed in 4% paraformaldehyde or Bouin's fixative overnight at 4 C. Samples were dehydrated through a graded series of ethanol, embedded in paraffin, serially sectioned, and stained with hematoxylin and eosin or periodic acid-Schiff. Slides were examined by light microscopy.
Sperm counting
Male mice were sacrificed by cervical dislocation. Epididymides, along with the vas deferens, were dissected and cut into small pieces in a tube containing 1 mL Dulbecco's Modified Eagle Medium (DMEM). Sperm were allowed to release into the medium during incubation at 37 C in a 5% CO 2 humidified incubator for 30 min. Sperm counts were determined using a hemocytometer.
Meiotic delay assay
Meiotic preparations were made as previously described [23] . Briefly, single-cell suspensions were prepared from isolated seminiferous tubule fragments in 2.2% (w/v) trisodium citrate dihydrate (isotonic solution) and centrifuged for 10 min at 800 rpm, followed by treatment with 0.9% (w/v) trisodium citrate dihydrate (hypotonic solution) for 12 min at 37 C and fixation in Carnoy's solution (75% methanol, 25% acetic acid) at 4 C. After three washes in fixative, chromosome preparations were made by dropping the cell suspension onto cold slides. Slides were dried and stained with Giemsa. To determine meiotic delay, first meiotic metaphases (MMI) were counted in slide areas in which 1000 mid-pachytene nuclei were counted.
Spermatocyte micro-spreading and immunostaining Spermatocyte chromosome preparations and immunofluorescence were performed as described previously [22, 55] , with the following modifications. Slides were either used for immunofluorescence staining immediately or stored at À80 C. For immunofluorescence, slides were blocked for 30 min with 1 3 phosphate-buffered saline (PBS) containing 3% nonfat milk. Slides were then incubated with primary antibodies against synaptonemal complex protein 3 (SYCP3) (Abcam, ab97672), gH2AX (Novus Biologicals, NB100-384), PLZF (H-300) (Santa Cruz, sc-22839) overnight at room temperature in a humidified chamber. Slides were then washed four to five times in 1 3 PBS containing 0.1% Triton X-100. Secondary antibodies (Alexa Fluor 488 Goat anti-Mouse IgG and Alexa Fluor 555 Donkey anti-Rabbit IgG, Invitrogen) were applied for 1 hr at 37 C in a humidified chamber. Both primary and secondary antibodies were diluted in 1 3 PBS containing 3% nonfat milk. After secondary antibody incubation, four to five washes were performed in PBST (1 3 PBS containing 0.1%Triton X-100) and the slides were mounted with VECTASHIELD mounting medium (H-1000, Vector Laboratories). Images were captured using a BX61 microscope (Olympus) connected to a CCD camera and analyzed using the Image-Pro Plus software (Media Cybernetic).
TUNEL assay
Testis sections were deparaffinized using standard methods (xylene, absolute, 95, 90, 80, and 70% ethanol and sterile water) and permeabilized with proteinase K (20 mg/ml) in 10 mM Tris-HCl (pH 7.5) for 15 min at room temperature. After two washes with 1 3 PBS, sections were blocked with 3% BSA and 10% normal donkey serum in 10 mM Tris-HCl (pH 7.5) for 30 min. Thirty ml of TUNEL reagent mix (In Situ Cell Death Detection Kit, Fluorescein, Roche, 11684795910) were applied to each slide followed by incubation for 60 min at 37 C according to the manufacturer's protocol. Sections were then washed with PBST (0.1% Triton X-100 in 1 3 PBS) four times and mounted in VECTASHIELD mounting medium (H-1000, Vector Laboratories) containing Hoechst 33342 (Invitrogen, H21492). Images were captured using a Nikon ECLIPSE 80i microscope (Nikon) connected to a CCD camera (Hamamatsu) and analyzed using the NIS-Element Microscope imaging software (Nikon).
Immunostaining of testis sections
Immunostaining of testis sections was performed as described previously [23] , with the following modifications. Testes were fixed in 4% paraformaldehyde for 6 hr, dehydrated in 30% sucrose (w/v) for at least 8 hr and embedded in OCT (Sakura Finetek, CA). Seven mm-thick sections were fixed for 20 min in pre-cold 4% paraformaldehyde (w/v) at room temperature and then washed twice in PBST (0.1% Triton X-100 in 1 3 PBS). Sections were blocked in antibody dilution buffer (ADB) (10% normal donkey serum, 3% bovine serum albumin (BSA), 0.05% Triton X-100 in phosphate-buffered saline [PBS]) for 30 min, followed by an overnight incubation at 4 C with primary antibodies against mCherry (Abcam, ab167453) and gH2AX (EMD Millipore, clone JBW301, 05-636), or Lectin PNA (Alexa Fluor 568 Conjugate, Invitrogen, L32458). Four washes with PBST were performed prior to secondary antibody incubation (Alexa Fluor 488 Goat anti-Mouse IgG and Alexa Fluor 555 Donkey anti-Rabbit IgG, Invitrogen) at 37 C for 1 hr. Finally, sections were mounted in VECTASHIELD mounting medium (H-1000, Vector Laboratories) containing Hoechst 33342 (Invitrogen, H21492). Images were captured using a Nikon ECLIPSE 80i microscope (Nikon) equipped with a CCD camera (Hamamatsu) and analyzed using NIS-Element Microscope imaging software (Nikon).
QUANTIFICATION AND STATISTICAL ANALYSES
Quantitative proteomic analysis Late prophase spermatocytes isolated from adult Rpl10l +/+ and Rpl10l À/À mice were used for proteomic analysis by PTM Biolab (Hangzhou, China). Briefly, proteins were extracted from the samples by sonication in lysis buffer (8 M urea, 2 mM EDTA, 10 mM DTT and 1% Protease Inhibitor Cocktail) followed by precipitation with cold 15% TCA for 4 hr at À20 C. Approximately 100 mg protein from each sample was digested with trypsin for the following experiments. After digestion, peptides were labeled using the 6-plex TMT kit according to the manufacturer's protocol (Rpl10l -131). The peptide mixtures were fractionated by high pH reverse-phase HPLC using an Agilent 300 Extend C18 column (5 mm particles, 4.6 mm ID, 250 mm length) and combined into 18 fractions. Peptide fractions were then analyzed using a Q ExactiveTM hybrid quadrupole-Orbitrap mass spectrometer (ThermoFisher Scientific). The resulting MS/MS data were processed using the Mascot search engine (v.2.3.0). Tandem mass spectra were searched against the swissprot Mus musculus database. Trypsin/P was specified as cleavage enzyme allowing up to 2 missing cleavages. Mass error was set to 10 ppm for precursor ions and 0.02 Da for fragment ions. Carbamidomethylation of Cys was specified as fixed modification and oxidation of Met was specified as variable modification. For protein quantification, TMT 6-plex was selected in Mascot. FDR was adjusted to < 1%, peptide ion score was set R 20, p value was set < 0.05 and only proteins identified with at least two unique peptides were accepted. The downregulated and upregulated proteins in late prophase Rpl10l À/À versus Rpl10l +/+ spermatocytes are listed in Table S2 . 
Statistical analysis
Results are presented as mean ± SEM. All statistical analyses were performed using Student's t test. p values less than 0.05 were considered to be statistically significant. The following indications were used throughout the manuscript: *p < 0.05, **p < 0.01, ***p < 0.001, NS, p > 0.05.
DATA AND SOFTWARE AVAILABILITY
The online CRISPR DESIGN tool provided by Zhang's lab at MIT (http://crispr.mit.edu/) was used to design sgRNA for gene editing.
The genome sequences and information of targeted genes were searched from the Ensembl genome browser database (http://asia. ensembl.org/index.html). The information listed in Table S1 was searched from the NCBI Gene database (http://www.ncbi.nlm.nih. gov/gene).
